A bonded concrete overlay consists of a concrete layer poured over a deteriorated pavement. Its mechanical performance depends on the quality of the bond between the lower and the uppermost layers. This paper reports an extensive experimental program to evaluate bond strength between Conventional Concrete (CC) and Asphalt Concrete (AC) substrates and Self-Compacting High-Performance Concrete (SCHPC) overlays. In all, 8 interface treatments are tested under Direct Tension, pure shear "LCB", and compressive Slant Shear tests. The results show that direct pouring of the SCHPC overlay over CC and AC substrates produces similar or higher strengths than the other treatments analyzed.
monolithic response under stress [3] . Additionally, the inherent self-compacting behaviour of SelfCompacting High-Performance Concretes (SCHPC) can further reduce resurfacing thicknesses and increase bonding strength [4] . SCHPC overlays may therefore be placed on pavements with height limitations such as tunnels, underpasses, and urban streets where levels are restricted by sidewalks, drains, manhole covers, etc. Furthermore, the use of SCHPC can also reduce the long-term economic cost of pavement maintenance [5] Table 1 summarizes some of the works reporting laboratory tests that characterize the bonding strength between substrate layers of both Asphalt Cement (AC) and Conventional Concrete (CC) made of Portland cement and concrete top layers at different compressive strengths (fck). These experimental programs comprise tests for assessing bond strengths under pure tension, pure shear and combinations of normal and shear stresses. Note that there are no experimental programs that differentiate between those types of substrate. Furthermore, in the case of AC substrates, the authors have found no investigations on whitetopping bond characterizations with fck > 60 Mpa, nor experimental programs that combine tests to assess pure tension, pure shear and combined normal-shear stresses. The absence of experimental studies with both AC and CC substrates make it difficult to ascertain whether a particular concrete mix can achieve sufficient bonding strength with these two materials; a situation that may occur in real-life situations, where resurfacing maintenance is planned for a road with both types of pavements. There is moreover a lack of knowledge on the bonding strength of SCHPC poured over AC layers, because no previous experimental tests exist on the matter.
The main objective of this work is to characterize and compare the bond strength obtained under different stress configurations with diverse interfacial treatments in whitetoppings and overlays constructed with SCHPC. To do so, an extensive experimental program is reported in this paper conducted with the two types of substrate materials (CC and AC), SCHPC overlays and 8 interface treatments (4 for CC and 4 for AC substrates). The specimens were tested under "pure" tensile and "pure" shear stresses and combined compression-shear stresses with Direct Tensile (DT), guillotine "Laboratorio de Caminos de Barcelona" (LCB) and compressive Slant Shear (SS) tests, respectively.
REVIEW OF EXPERIMENTAL BOND-STRENGTH TESTS
The interfaces between pavement layers are constantly exposed both to normal (σ) and to shear stresses (τ). The debonding of an interface may occur due to three different stress situations: pure tension, pure shear and mixed situations with a combination of shear and compressive or tensile stresses [17, 20, 21] . Different tests are found in the literature to study these cases of debonding under static loads. Pure tension stresses may be generated directly (a, b) or indirectly (c, d), depending on whether the load direction is parallel or normal to the stresses, respectively. Pure shear strength may be evaluated by inducing torsion (e) or shear stresses (f, g, h, I, j, k, l). As Espeche & León [11] mentioned, "pure shear"
is a theoretical situation that these tests are a long way from reproducing, because they induce a bending moment.
The mixed mode is a combination of normal and shear stresses. Espeche & León [11] mentioned combined compression and shear tests (m, n), although tests to induce shear and tensile stresses (o) in concrete-to-concrete specimens are also found in literature [22] . Bending tests (p, q) have recently been used for bonding characterization between cement-based layers [23] [24] [25] and between asphalt and Portland cement concretes [17, 18, 26] . 3 .
EXPERIMENTAL PROGRAM Figure 1 shows the 2 variables considered in this experimental study: the substrate material The characterization of the mechanical strength of the interfaces was performed with three types of tests. A "pure" tension condition was evaluated through Direct Tension tests (DT). The "Laboratorio de Caminos de Barcelona" (LCB) test [27, 28] was used to assess the "pure" shear strength. Finally, a combined situation of shear and compressive stresses was studied with compressive Slant Shear tests (SS). Results were compared between them to determine qualitatively the best interfacial treatments.
In total, 72 specimens with CC substrates were tested, amounting to 6 specimens for each type of surface treatment and test. The number of specimens tested with AC substrates amounted to 56. This number is the sum of 12 specimens (6 for DT and 6 for LCB tests) for each 4 treatments and 8 specimens for SS tests (4 ANP, 3 ABH and 1 ABE). The lack of SS specimens resulted from the difficulty of compacting the AC substrates with a shear surface and might indicate that this test is not especially suitable for AC substrate specimens.
3.1.

Materials
A semi-dense Asphalt Concrete (AC) for wearing courses was employed (see Table 3 The materials and mixture proportions of CC and SCHPC are shown in Table 4 . The Conventional Concrete (CC) was designed taking as a reference the mix of the wearing layer of a real bi-layer concrete pavement constructed in northeastern Spain [31] . Limestone aggregates with the same minimum and maximum sizes described in [31] were used and the proportion between components was maintained. Additionally, treated limestone micro-filler was included to improve workability, the packing of the granular skeleton and the cementitious matrix.
The mechanical properties of AC, CC and SCHPC are given in Table 5 . In the case of AC, the compressive (fac) and indirect tensile (fact,i) strengths were estimated through standards NLT-161/98 [32] and NLT-346/90 [33] , respectively. A static modulus of elasticity (Eac,est) was estimated with the recorded piston displacements in fac tests, calculated as the slope of the strain-stress curve under stresses of 25%
and 75% of maximum strengths. [35] , respectively. The direct tensile strength (fct) of the CC was estimated through Φ100 x 100 mm cylindrical specimens with a piston displacement of 1 µm/s. The indirect tensile strength (fct,i) of the SCHPC was also obtained following the procedure in standard UNE EN 12390-6:2010 [36] .
Tests were performed on the CC at 90 days and on the SCHPC at 60 days to be consistent with the age of materials when performing the bond strength tests. The SCHPC was poured on the CC substrates, after 28 of days of curing, and the specimens were then cured for 2 months. The AC substrate specimens were cured for 3 months after pouring the SCHPC. 
Specimen preparation
Conventional Concrete (CC) and Asphalt Concrete (AC) substrates were molded to prepare the specimens. Surface treatments were applied to the substrates upon which the upper layer of SelfCompacting High-Performance Concrete (SCHPC) was poured.
The CC substrates were produced following EN 12390-2:2009 [37] . Polyvinyl chloride (PVC) pieces were introduced inside Φ100 x 200 mm molds to shape the substrate specimens. The concrete was compacted on a vibrating table. The substrates were kept inside the molds and covered with a plastic sheet for 24h. They were then stored in a curing camera at a temperature of 20 ± 1° C and at a relative humidity of over 95% up until the application of the surface treatments.
To produce the AC substrates, ready-mixed asphalt concrete was taken from the supply system of an asphalt hot mix plant. The mix was heated to a temperature of 150 °C to produce the substrates.
They were shaped using cylindrical Φ100 x 200 mm molds. In the case of substrates for the DT and the LCB tests, the molds were partially filled (i.e. 100 mm for DT and 60 mm for LCB) leaving their upper part empty. Wedge-shaped fiber-reinforced concrete pieces were previously produced for Slant Shear substrates, for placements in molds, to provide the slant plane of the interface. Molds and FRC elements were kept at a temperature of 160 °C until casting to prevent the fast cooling of the AC. Compaction was conducted using a vibrating hammer with an adapted Φ100 mm circular plate. The specimens were left to cool inside the molds for 24 hours, after which they were demolded and kept protected from humidity and dust.
The CBH and the CBC treatments were conducted after 30 days of casting using a pneumatic needle gun for the bush hammering (Figure 3 .a). With regard to the Slant Shear specimens, the roughness was partially implemented on the elliptical surface of the interfaces, leaving 6 cm from the top vertex untreated (see Figure 2 .c). This procedure was followed because the bush-hammering process had broken the top part of the substrates and they were consequently thrown away. The same procedure was adopted for the AC substrates with ABH treatment.
< Insert Figure 3 >
In the CCP and the CBC treatments, a primer coating of cement paste was applied to the interface, consisting of CEM I 52,5R cement and 1% superplasticizer BASF Glenium ACE 425 (approximate watercement ratio of 0.35) by weight of cement. The paste was extended over the interfaces just before pouring the fresh SCHPC (Figure 3.b) . In the case of the CBC specimens in the SS tests, the untreated surface was protected with a 0.2 mm thick PVC layer to ensure that contact between CC and SCHPC occurred exclusively in the rough area.
In the ABE treatment, surface bitumen was eliminated with the needle gun. Subsequently, a polymer modified bitumen emulsion C60BP3 ADH (according to UNE-EN 13808:2013 [38] ) for intercoat adhesion between asphaltic layers was applied with a brush.
The AEG treatment consisted of 2 layers of C65B3 TRG emulsion according to UNE-EN 13808:2013 [38] and 2 layers of 2 -5 mm calcareous gravel. The treatment followed a pattern of "emulsion-gravel-emulsion-gravel". The first layer of the emulsion was directly spread with a brush onto the surface of the AC substrate (Figure 4 .a). Subsequently, the gravel was dropped onto it and handpressed for firmer packing. The procedure was repeated again for the second layer of bitumen and aggregates.
The SCHPC top layers were produced using disposable molds. These were prepared with 420 x 297 mm 2 PVC sheets wrapped around the substrates, thereby forming a hollow cylinder (Figure 4 .b). The fresh SCHPC of the overlays was poured into the cylinders. Once again, specimens were covered with a plastic sheet for 24h and held in a curing camera until tested. Figure 4 > 
< Insert
Experimental set-ups
Direct Tension (DT) tests were performed with Φ100 x 200 mm cylindrical specimens consisting of a substrate 100 mm in height and an overlay 100 mm in height ( Figure 5 .a). Tests were done under displacement control at a piston speed of 0.001 mm/s, in a similar way to [39] . 
Roughness measurement
The roughness of the bush-hammered interfaces of the CC substrates with the CBH and the CBC treatments intended for Direct Tension and LCB tests was measured to study the relationship between roughness and test results. A procedure based on regulation NLT-335/00 [45] was followed. The substrates were weighed on scales with an accuracy of ± 0.1 g. Limestone sand with a size of 90 -129 µm and known density was then poured over the rough surfaces and subsequently screeded using a rubber buffer. Then, the specimens with the recently added limestone sand were weighed again.
The sand-patch diameters, which corresponded to the transversal area of the substrates, were measured three times, to an accuracy of 0.01 cm, and the actual transversal areas were estimated with the average of the measurements. Finally, the mean depth was calculated as the volume of sand divided by the area of the patch. Table 6 summarizes the results showing that roughness mean depth was similar in both the CBH and the CBC treatments. Table 7 shows a schematic representation of the three failure types observed in the experimental program: cohesive, adhesive, and mixed mode. Cohesive failure is characterized by cracking outside the interface zone. In other words, the cracks occur in the substrate, not reaching the interface, thus indicating that the strength of the interface is greater than that of the materials of the substrates and overlays.
RESULTS
Failure modes
Adhesive failure is characterized by cracking through the interface. In this situation, the interface shows a weaker behaviour in comparison with the substrate and the overlay materials. Finally, mixed failure is a combination of both modes and is caused by the emergence or the rise of secondary stresses or by the existence of different strength capacity zones along the interface. Table 8 shows the number of specimens, by type of substrate and by treatment, that were tested, the number of statistically accepted results for the bonding strength analysis, and the number of specimens which presented cohesive, adhesive, and mixed failure. The acceptance or rejection of the test results was done through the statistical Chauvenet's test [46] . In the CNP and the CBH treatments, the SCHPC overlay was directly poured onto smooth and rough interfaces, respectively. In contrast, the SCHPC was poured over the cement paste in the CCP and the CBC treatments. These results show that pure tensile strength was mostly due to chemical bonding between layers. As suggested in [47] , roughness has an almost negligible effect, because failure is mainly related to normal stresses. The shear forces predominated over the normal ones due to the angle of the interface and friction played a relevant role. Consequently, the strengths of both the CBH and the CBC treatments were similar, because resistance to the shear stresses was mainly due to roughness. In the case of the CNP treatment, the effects of the chemical bonding of the SCHPC slurry obtained similar results, equivalent to a rougher interface. Conversely, the CCP cement paste contributed negatively, since its adhesive power was far lower than that of the SCHPC.
Bond strength between CC and SCHPC
The relations between roughness and the DT and the LCB test results were also studied. 
< Insert Figure 7 >
Overall, high dispersion and no correlation between depth and pure tension and shear strength were observed. Furthermore, the DT results showed a wider scatter than the LCB ones, probably because of the intrinsic dispersion of both tests. On the other hand, Figure 7 .a shows again that the cement paste clearly reduces the DT strength, because chemical adhesion is the key factor. Contrarily, Figure 7 .b
illustrates similar results that were obtained with both treatments, pointing to the central effects of roughness. The high strength of the ANP treatment was due to the interlocking effect produced by the penetration of the SCHPC into the AC surface pores. This effect was not obtained with the ABH treatment because bush-hammering eliminated the superficial pores, leaving a rough surface with little porosity. In the case of the ABE treatment, the bituminous emulsion acted as a chemical bonding bridge the adhesive power of which was higher than the increased roughness. Finally, the AEG specimens failed, because the bituminous emulsion became unglued, although they were of a similar strength to the ABH treatment.
Bond strength between AC and SCHPC
So, the ANP treatment is recommended for porous AC substrate surfaces to resist direct tensile stresses.
< Insert Figure 8 >
The LCB test results are shown in Figure 8 .e. The maximum shear strength was also achieved with the ANP treatment (1.12 MPa), due to the penetration of the SCHPC into the pores. No great difference was observed between the results for either the ABH or the ABE (0.82 and 0.80 MPa, respectively) treatments. Once again, the AEG treatment had the lowest strengths (0.34 MPa).
The ABH treatment had 73.2% of the strength of the ANP treatment in this test while the strength of the DT treatment was only 16.8%. This result suggests that roughness appears to play a key role in the shear behaviour. Nevertheless, the strength was not as great as that obtained with the ANP treatment, because there was no SCHPC interlock. As regards the ABE treatment, the chemical bonding obtained with the bituminous emulsion was equivalent to the bonding obtained by roughening the interface. In the case of the AEG treatment, the chemical bonding power of the emulsion was small, so the strength was only 42 .5% of that obtained with the ABE treatment. Consequently, the ANP treatment is also the best surface preparation for pure shear stresses.
Finally, Figure 8 .f shows the SS results considering the reduced interface area of the ABH interfaces. Due to the limited number of specimens, the results are presented as qualitative information for guidance. The ANP strength (5.22 MPa) was a lower value of the strength of the interface, because all failures were located in the asphalt substrates. In the case of the ABH treatment, 1 of the 3 specimens suffered mixed failure, so its strength (6.25 MPa) corresponded to a limit situation between failure of the substrate and failure through the interface. The ABH strength was therefore close to that of the substrates. Its slightly higher strength than ANP might be explained by the dispersion of the asphalt substrate strength and the intrinsic dispersion of the SS test. As regards the single EBA specimen, its strength was 3.16 MPa with failure along the interface, which would suggest that this value might correspond to the actual strength of the interface.
CONCLUSIONS
In  In the case of specimens with CC substrate, all treatments presented fragile behaviour in the three tests. In the DT tests, the best results were obtained with the CNP treatment, while the CBC treatment had higher strengths in both the LCB and the SS tests. Nevertheless, both the CNP and the CBC treatments presented similar strengths in both the LCB and the SS tests; indicating that direct pouring of the SCHPC requires no additional actions. It is explained due to both the capacity of the self-compacting SCHPC to adapt to the interface irregularities and the absence of a bonding bridge that can induce weak points. Relationships between roughness and the results of the DT and the LCB tests were also studied in both the CBH and the CBC treatments and no evident correlation was observed.
 For specimens with AC substrate, all treatments showed ductile-softening behaviour in the three tests. The ANP treatment was the only one to show cohesive failures in the three types of tests, due to the penetration of the SCHPC in the pores of the asphalt. In the DT and the LCB tests, the ANP treatment showed the highest strengths, while the ABH treatment achieved the highest strength in the SS test, although an almost similar strength was obtained with the ANP treatment.
Consequently, the ANP treatment showed the best overall performance.
 Roughness had different impacts on the bonding behaviour, depending on the type of tests and substrate material. In the case of the CC substrates, roughness has an almost negligible effect on Direct Tensile strength, because it is related to the chemical bonding. Contrarily, roughness plays the main role in pure shear LCB tests. In the case of the SS tests, shear forces predominated over normal ones and friction (roughness) has also a relevant role. Regarding the AC substrates, the roughening process eliminated the superficial pores of the interface, so the interlocking effect between substrates and SCHPC did not occur. Due to the absence of an interlocking effect, the DT, SS, and LCB strengths are reduced. In the case of the LCB test, the reduction was less dramatic than in the DT tests, because the roughness provided friction strength. Finally, in the case of the SS tests, the slightly higher strength obtained with roughened surfaces is explained, because the specimens failed in an intermediary situation between failure of the substrate and failure through the interface. 
